H ead trauma is one of the leading causes of death in children. 12 Various medical methods have been used to decrease elevated intracranial pressure (ICP), including osmotic diuresis, sedation, and pentobarbital-induced coma. The use of surgical techniques such as decompressive craniectomy (DC) to lower ICP has been proposed in severe traumatic brain injury (TBI). 15, 25 However, the use of DC remains controversial, 8 and if the procedure is to be done, a craniectomy that is too small can be detrimental to the patient. 26 Craniectomy has been shown to improve survival in animal models and in clinical settings. 5, 16, 27 Pediatric patients tend to have a better outcome than adult patients, and can recover from very high ICPs. 4 In the current study we sought to determine if DC improves survival and/or quality of life in pediatric patients with severe TBI.
in a Level I trauma center between May 1998 and May 2008 were identified by searching our electronic database. Our inclusion criteria consisted of all pediatric trauma patients (< 18 years of age) with severe TBI (defined as a Glasgow Coma Scale (GCS) score ≤ 8 on admission). Our exclusion criteria consisted of all patients who died within the first 24 hours after their TBI and patients who did not have severe TBI (GCS score > 8).
Each patient with severe TBI and who had a DC within the first 48 hours of admission for the management of elevated ICP was matched to a control patient who had severe TBI but did not have a DC for the management of elevated ICP and who was admitted before or after the DC patient (a contemporary match). The decision to perform a DC was at the discretion of the treating neurosurgeon.
All medical records were reviewed for patients' demographic data and baseline characteristics including age, sex, weight, GCS score, Pediatric Risk of Mortality (PRISM) score, cause of injury, and head CT scan findings on admission. All admission CT scans were reviewed by the same neuroradiologist (R.S.) who was blinded to the surgical or medical management of the patients studied. Medical records were also reviewed for physiological variables such as ICP, cerebral perfusion pressure (CPP), mean arterial pressure (MAP), heart rate (HR), and central venous pressure (CVP). Physiological variables were extracted from the daily nursing flow sheets and daily averages were calculated for each patient. Physiological variables were manually entered by the nursing staff at least hourly, and sometimes more frequently depending on the patients' acuity of illness and frequency of critical events.
Interventions that can lower ICP were also reviewed, including the use of CSF drainage, mannitol, hypertonic saline (3%), hypocapnea (PaCO 2 between 30 and 35 mm Hg), barbiturates, and body temperature. Daily average end-tidal CO 2 (ETCO 2 ), daily morning serum osmolarity, and serum sodium were also reviewed.
Patients' outcomes were reviewed, including survival, Glasgow Outcome Scale (GOS) score, days of mechanical ventilation, days of PICU stay, and length of hospital stay. The need for a tracheostomy or a gastric feeding tube was documented. The number of days of ICP monitoring was also documented.
The study was approved by our institutional review board at MetroHealth Medical Center.
statistical analysis
For nominal data the chi-square and Fisher exact tests were used, and for continuous data paired and unpaired t-tests were used when appropriate. Values were expressed as the mean ± SD or as median and interquartile range (IQR). A p value ≤ 0.05 was considered statistically significant. The general linear model (GLM) with repeated measures was used for comparison between the DC and the control group of daily ICP, CPP, temperature, MAP, CVP, ETCO 2 , serum osmolarity, and serum sodium.
results
During the study period 249 patients with severe TBI were admitted to our PICU; 17 patients with severe TBI and DC were identified, and they were matched with 17 contemporary controls. Patients' demographic data and baseline characteristics are summarized in Table 1 . There were no differences between the 2 groups regarding patients' age, sex, weight, GCS score on admission, PRISM score, or cause of their TBI. However, in comparison with their controls, patients who had a DC had a higher percentage of extradural hemorrhage, skull fractures, cerebral herniations, and cerebral edema underlying a more severe TBI on their admitting CT scans. All patients who were treated with DC had their surgical intervention at a median of 2 hours (IQR 1-14 hours) after their admission.
The different physiological parameters and cointerventions used for the management of ICP during the first 24 hours following the TBI are summarized in Table 2 . There were no differences between the 2 groups regarding their average ICP, CPP, MAP, HR, or CVP. There were also no differences in the percentage use of mannitol, hypertonic saline, hypocapnea, and barbiturate-induced coma or body temperature. There were no differences in daily fluid intake between the 2 groups. However, the group of patients who had a DC had fewer CSF drainage devices in place in comparison with the control group.
The highest ICP on admission was comparable between the DC During the first 5 days following the TBI there were no differences in daily average ICP (GLM, p = 0.67) or CPP (GLM, p = 0.98 [ Fig. 1 ]) between the 2 groups. There were also no differences between the DC and control groups regarding daily body temperatures (GLM, p = 0.11), MAP (GLM, p = 0.50), or CVP (GLM, p = 0.28 [ Fig. 2] ). There were also no differences between the DC and control groups regarding daily ETCO 2 (GLM, p = 0.53), serum osmolarities (GLM, p = 0.61), or serum sodium (GLM, p = 0.55 [ Fig. 3] ).
There were no differences in survival or GOS scores between the 2 groups. However, among survivors, all patients who had a GOS score of 5 (or mild disability) at follow-up had a DC; and none of the control patients had a GOS score of 5 at follow-up. Among the 5 patients who had a DC and GOS score of 5, only 1 patient had an extradural hematoma, along with multiple other contusions and intracranial hemorrhages.
There were no differences in the rate of tracheostomies, gastric tubes, days of ICP monitoring, days of ventilation, PICU length of stay, or hospital length of stay between the 2 groups (Table 3 ). Our patients were followed for a median of 4 years (IQR 1-6 years).
Among the 17 patients who had a DC, 6 patients underwent the surgery (DC) for a hematoma evacuation, and in 11 patients it was performed for increased ICP only. All DCs were unilateral except in 1 case, in which the DC was bifrontal; and all DCs were performed with dural opening. Also, all DCs were equally distributed among the treating physicians-during the study period, there were four neurosurgeons involved in the management of patients with TBI; two of the surgeons performed 5 DCs each, one performed 4, and one performed 3.
Among the 9 patients who presented with cerebral herniation on their brain CT scan, 7 underwent a DC and 2 did not. Among patients who presented with cerebral herniation and had a DC, 57% (4/7) survived. Of these, 2 survived with a GOS score of 3 (severe disability), 1 survived with a GOS score of 4 (moderate disability), and 1 survived with a GOS score of 5 (mild disability). Neither of the 2 patients who presented with cerebral herniation and did not have a DC survived.
Overall there was a significant difference in outcome between the DC group and the control group regarding the number of patients who died or had any disability following their TBI (71% [12/17] vs 100% [17/17] , respectively; p = 0.022).
discussion
We have shown in a retrospective, case-control study, that DC in pediatric patients with severe TBI improves morbidity without improvement in mortality rates. A DC within the first hours of admission improves the neurological outcome in survivors of pediatric TBI. Several studies have shown a favorable outcome after DC in children with severe TBI. 6, 7, 11, [18] [19] [20] [21] 23 However, others have shown a poor outcome after DC in children with severe TBI, when DC was done for increased ICP only, 13 and in adults with severe TBI and refractory raised ICP. 3 Polin et al., in a case-control study of adults and pediatric patients, have shown a favorable outcome in patients who underwent craniotomies, with a mortality rate of 23% (8/35), 18 which is similar to our mortality rate of , and CVPs (c) in the DC and control groups. There were no statistically significant differences between the groups (GLM analysis: p = 0.11 for daily temperatures, p = 0.50 for MAPs, and p = 0.28 for CVPs).
Fig. 3.
Graphs showing daily average ETCO 2 (a), daily morning serum osmolarities (b), and morning serum sodium (c) in the DC and control groups. There were no statistically significant differences between the groups (GLM analysis: p = 0.53 for ETCO 2 , p = 0.61 for serum osmolarities, and p = 0.55 for serum sodium).
29% (5/17
). In their study, pediatric patients (n = 18) had a higher rate of favorable outcome than did adult patients who underwent a DC. Ruf et al., in a case series of 6 children with severe TBI treated with a DC, reported that 3 children were without disability at discharge. 19 Rutigliano et al., in another series of 6 patients with TBI and treated with DC, found that 5 patients left the hospital either independently or with some form of minimal assistance. 20 Taylor et al., in a randomized trial of very early DC in children with TBI and sustained intracranial hypertension, reported that 54% (7/13) of their patients who underwent a DC survived with a favorable outcome, in comparison with 14% (2/14) in the control group. 23 Their findings are similar to ours; 42% of our patients who had a DC and survived had a favorable outcome, in comparison with none of the patients who were in the control group. The similarity between the 2 studies could be related to the timing of the surgical intervention. In Taylor et al.'s study, the DC was performed at a median of 19 hours (range 7-29 hours) from the time of the injury, whereas in our study the DC was performed at a median of 2 hours (IQR 1-14 hours) from the time of the injury. The similarity in the results could be related to the similarity in the early surgical intervention prior to the development of a secondary, irreversible brain injury following the initial TBI insult.
Josan and Sgouros, also in a retrospective case-control study of 12 patients, reported that early DC (within the first 24 hours of injury) resulted in the survival and favorable outcome (GOS scores of 4 and 5) of all 6 patients who underwent an early DC, versus 66% (4/6) of their controls who were managed with a nonoperative treatment. 11 Figaji et al., in a case series of 5 patients with severe TBI, reported that early DC resulted in the survival of all of their patients with a favorable outcome. 7 In our study, DC did not make a difference in survival, but improved the neurological outcome of the individuals who survived.
In a review by Kan et al. of 51 children with severe TBI who had a DC, 16 children (31.4%) died, including 5 of 6 children who underwent DC for raised ICP only. 13 Their findings are similar to ours, whereas our overall mortality rate was 29% (5/17) among patients who had a DC; however, in patients who had a DC for increased ICP only, 27% (3/11) died in our series. Few pediatric studies have reported outcomes similar to ours following DC for the treatment of TBI. In a study of 23 patients younger than 19 years of age, Jagannathan et al. reported that children with TBI who were treated with DC had a favorable outcome, with a mean GOS score of 4.2 at follow-up. 10 In a study of 14 children with severe TBI, Pérez Suárez et al. also reported a favorable outcome, with a mean GOS score of 4.4 (range 4-5) at the 2-year follow-up. 17 In our study the majority of our patients who were treated with DC had a favorable GOS score.
Overall we did not find an improvement in the mortality rate between the DC and control groups. However, we found a significant improvement in outcome in survivors despite major differences in severity of the TBI between the 2 groups. In comparison with the control group, the DC group had a higher percentage of cerebral herniation and cerebral edema at presentation. However, the outcome of the patients who had a DC was better than the medically managed control patients with less severe TBI. Some researchers have shown similar results to our findings. Soukiasian et al. found a similar survival rate between patients treated with a DC or craniotomy; however, their patients who underwent a DC had more collapsed basilar cisterns on CT scans than did patients who had a craniotomy, underscoring the role of DC in severe TBI with preoperative basilar cistern collapse. 22 Thomale et al., in a follow-up study of children treated with DC for TBI, have also reported similar results to ours. They found that children with TBI who were treated with DC had a lower GCS score initially than the nonsurgically treated patients, but at follow-up the 2 groups had a comparable outcome. 24 Bor-Seng-Shu et al. have shown that DC results in a significant improvement in cerebral blood flow in most patients with TBI and transtentorial herniation, in a study of 19 patients with TBI and cerebral herniation who underwent a DC. 2 Heppner et al. have also shown an improvement in cerebral microvascular blood flow following a DC in a study of 6 patients who underwent a DC for TBI. 9 In our study, in patients who had a DC, the highest ICP on the first day was elevated, and dropped from a median of 42 mm Hg to 35 mm Hg the next day following the DC; however, the difference was not statistically significant, most probably because our study was underpowered to show a significant difference. We also did not find a difference between the DC and control patients in daily ICP or CPP during the 5 days following their injuries. However, our DC patients had a more severe TBI on their admission CT scan in comparison with their controls, underlining the importance of DC in improving the cerebral perfusion dynamics in severe TBI, resulting in ICP and CPP values that were similar to those in medically managed patients with less severe TBI.
Hyperosmolar therapy (including mannitol and 3% saline), CSF drainage, mild hyperventilation, hypothermia, and barbiturates have been recommended for the management of intracranial hypertension in pediatric TBI. 1, 14 In our study we found no differences between the DC and control group regarding the medical management of their ICP; however, the control group had a higher percentage of CSF drainage in comparison with the DC group, an intervention that could have lowered the ICP and improved the CPP in the control group. The decision to use a ventricular CSF drainage device more frequently in the control group and a surgical decompression in the DC group could have been related to the severity of illness and differences in ICP between the 2 groups. It is difficult to determine the rationale for using one intervention over the other by retrospectively reviewing the medical records. Our study has several limitations; it is a small retrospective case-control study of patients treated over a span of 10 years. To counteract any potential confounders related to a change in the approach to managing TBI over the years, a contemporary control group was used for comparison. Each case was matched to a control patient who was admitted prior to or following that DC case. Another limitation of our study is that it was the decision of the treating neurosurgeon to perform a DC, and that decision could have been biased by the admission CT scan findings. The treating team most probably opted to perform a DC because of herniation, edema, and extraaxial hemorrhage. At our institution, impending herniation, uncontrolled ICP, and a midline shift are factors that typically play a major role in the decision making to perform a DC. Future randomized controlled studies are needed to counteract such bias.
Another limitation of our study is related to the retrospective nature of our data collection. We relied on the nurses' frequency of documentation to extract our data. It is possible that many events could have been missed if they were not recorded by the nursing staff. It is also possible that we might have diluted our numbers by averaging out our daily parameters for statistical analysis.
conclusions
Overall we have shown that early DC in pediatric patients with severe TBI does not improve mortality rates, but it does improve outcome in survivors in a retrospective case-control study. Future prospective randomized controlled studies are needed to confirm our findings.
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